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Short Peptide-Based Tolerogens Without Self-Antigenic or 
Pathogenic Activity Reverse Autoimmune Disease 1 



Nathan Karin,* Ofcr Binah.^ Nir Grabie," Dennis J. Mitchell,* Bella Felzen/ 1 
Matthew D. Solomon,* Paul Conlonv Amitabh GaurV Nicholas Ling,' and 
Lawrence Steinman"* T 



\n immunodominant epitope »f mveiin bas.c protein f MBP), VHFFKM\TPRTP .pB7-Wi. is . major target of T cells in brain 
lesions or multiple sclerosis (MS), and this peptide can trigger experimental autoimmune encephalomyelitis I EAE). We designed 
truncated peptides based on this pathogenic 13-mer that are not antigenic. These short peptides reduced production of IFN-y and 
TNF-a in vho. Moreover, paraplegic rats eiven the 7-mer FKNIVTP in >»luble form showed total reversal of paralyse in l\ h. 
Truncated peptides that are too small to stimulate antigenic responses to pathogenic regions of myelin basic protein are never- 
theless effective toierogens and are able to anergize autoreactive T cells. Short peptide-nased tolerogens. devoid of .mmunogen.c 
and pathogenic potential, may be attractive for therapy of autoimmune diseases. The Journal of Immunology. 1998. 160: 
5188-5194. 



In autoimmune conditions. T ct\\i reacts e tc sell" Aizs escape 
elimination m the :h\mui and are activated in ihe periphery, 
wner; they can provoke damage in specific organs M. 2). 
Restoration ot sell tolerance, witnoui suppressing the immune sys- 
tem nons-recirkally or stimulating r'unher autoimmune reactions 
inadvertently, k a major challenge. Traditionally, proiein mole- 
cules that are immunogenic arc rendered tolerogenic by injecting 
*.hem in incomplete f-"reund\ or in soluble form. We have analyzed 
experimental aliercic encephalomyelitis <EA£i, J a panicular ver- 
sion of a model or autoimmune disease that is induced in Lewis 
rats and that bears many similarities to (he human disease multiple 
sclerose -MS ' T cells rounJ in brain lesions ot" MS patients have 
TCR juncMonal rearrangements that are identical to T cells found 
in the >pmai cord* ot Lewis rats immunized with a peptide of 
MB P. paT-'NJ « 1-m In addition a major T and B cell response in 
MS patients, particularly :hose of the HLA DR2 hapioiype. is di- 
rected (o MBPpS~-99 i 3- r». 

W*e have previously demonstrated that the native peptide 
epitope \|BPpST-og induces EAE when given in CFA but re- 
verses :he disease when immunized in a soluble form i7). An al- 
tered \er<iL»n or" MBPrvv-OQ ; K > Ai is not encephalitogenic 
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when yiven in adjuvant and is abie to reverse ongoing EAE when 
civ en in soluble lorm. Moreover, this altered peptide reduces pro- 
duction of TNF-a and IFN-7 in the lympn nodes 01' rats immu- 
nized with native MBPpS'-^o MBPp3™-99 iK > A; represents 
an aiiercJ peptide ligand at a major TCR binding contact. We have 
determined that the putaiive MHC binding site.s tor MBPp87-99 
are F90 N92. 19?. and V94. whereas the putative TCR contacts are 
K91. T ,: ?5. and P96 (7'i We now report the minimal structural 
requirements t'or a peptide that would tolenze animals w ith onco- 
ins aut( immune disease. A panel ot truncated and alanine substi- 
tuted v nnanis ot" p$"-°9 was constructed to demonstrate the role 0: 
each residue vuthin the epitope in the induction ot tolerance and to 
determine :he minimal ien^th ot" j peptide that could induce 
tolerance. 

Materials and Methods 

induction of EAE and scoring 

MBPpfi'- 3 ** Jnd vanous N terminus. C terminus, inu double side trun- 
cated M BP peptides were diis Jived in PBS Jl j concentration of 1 m«:mi 
jnd emu. uned v*uh an equai volume of incomplete Freund > jdjuvant sup- 
plemented uith J me/ml heai-k;lled \t\for^;rrntm :uhrrcuious Hj-Ram 
oil iDtico Ljftoraiones. Detroit. MI) Lewis rati \*ere immunized s c. in the 
hind too< pads with 0 I mi 01 the rmutston jnd *.»ere monurred tor chmcat 
signs daily h> an or>ser\er. hlinu to the treatment proioc.il EAE wjs scored 
follow*, i). chnu-jIK nonn-il: 1 flaccid tail. Z hind fir.h paral\si%. ■ 
tront jnJ hmu imh pa/uh >is 

tnditcti.m ot passively transferred EAE 

Transtened EAE established bv imniunuine ft wk-old female Lewis 
rats with 10 : activaied L37-9*) line cells idav Oi Five davs later, at "he 
onvet of Jisease. sick rats we're randomly Uismbuied into different groups 
that were, or vsere not. injected u p . - mg peptide m . ml PBS'< with either 
native p.^7-^Q. OVA, various N icrminus or C :erninus truncated jnalotfs 
tM uith - -inJ C-iermina: smncjuon* Control rats -a ere imected v*uh PBS 
alone 

i\tnph,h \ tc proiiferutitiH \ 

Prol iter anon of :ne MBPpS'-^-rxi. :hc CD-i ' ! ine cells iLST-^9i to wr 
iuus C icrminiis jnd N :enninu- irjncated v.wiap.i% o: MBPpd"-^ was 
Jeierm:ncij m a prriite: jnon a^sjv js Jcs». r.N; j eUew here ■ Revtir.i; 1 v. 
aa>> alter a>; ; i;muiai:on: LS"-^ cc!i- "*ne -j^penjed :n xtimuia:ii»n 
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A. C- terminus truncation 



6. N-terminus truncation 
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PM.lerji.nn of MBPo87-^spec,hc CD4' line cell* to various C and N terminus in.nc.icd variants of the pepi.de. Proliferation of the 
"» >U7 -^ w ™ C [CmimUi N ' CmUnUS VanaRlS ° f MBPP ^ CrTn ' 
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medium containing DMEM -Life Technologies. Ga.thersburg. MD) sup- 
pienwn«dniiK:-ME-5 ' i<) ' M i. L^luiamine i3 mM). iodmm pyru- 
vate il mM». penicillin i 100 IVml). streptomycin 1 100 Mg/ml). and 1* 
autolocau, Levus rat veram. *CelN were cultured for 72 h in U-shape 96- 
«ell nuaoculture plates ror 72 h ai 37*C in humidified air containing 6.5 , 
CO. a. a concentration of 3 * 10* lcIIsAvcII »ith 10* irradiated ( 2500 r ad) 
■hvmocwes as accessor cells and vannus concentrations between 0 and 
1(10 mM o» different C terminus . Fig. 1.4 > or N terminus i Fig. IflMmncaied 
analogs of MBPp87-^> Kach well was pulsed with 2 ^Ci ol [Hlthyrm- 
dine i">p act. 10 Ci/mmoh for :he ttnal 6 h The cultures were then har- 
vested on rtbergia^ filters, and the proliferative response was expressed as 
cpm - SE 

Cytttkine assay* 

Production of TNF-u and IFVv was measured in spleen cell cultures (Fig. 
: C and D> a> follow x Spleen cell> ilO ,mh from each of the croups 
described above were cultured < I mi per well, in 24-well flat-bottom tissue 
culture plates u-uh. nr without. 200 nS\ MBPp87-99. Twenty tour hours 
and 4X h later supcrruianis were evaluated for ievels o» TNF-a and lFN-y 
usm- mailable ELISA kits as follows: I FN- y. Life Technologies rat IFN-7 
kn. and TiNFmi. Genzvme (Cambridge. MA 1 mouse cross-reactive with rai 
El. ISA kit RjiTSF-ui served as a standard iPharMingen. San Diego. CA). 
The kits were used according 10 manufacturer's instructions. Level* ofIL-4 
were detected usme - modrfication of an ELISA kit that we have estab- 
lished using a mouse anti rat IL-4 mAb .24050D OX-81; Pha/M.ngen> as 
a capture Ab and rabbit ami rat IL-4 bionn-conjugaied polyclonal Ab 
i "4 1 1 -2D PharMinceni as a second Ab. Recombinant rai IL-4 was pur- 
chased from R&D i^fU-RL: R&D Systems. Minneapolis. MN). Goat anti 
rat IL-4 polyclonal Ah 1 AF-504-NA. R&D* was used as a neutralizing Ab. 
Spleen cells trom each of the croups described above (Fig. 2A ) were stim- 
ulated .%-well I'- shape. 2.5 x \0r* L-ells/well) for 72 h with or without 
* annus concentrations of MBP. MBPp87-W. and with or without the ad- 
dition of rai IL-: '50 I '/ml. Becton Dickinson. San Jose. CA) 

Measurement at c\to$oiic Ca' " 
CmosoIic Ca ; * was determined as follows. Resting (10. days after last 
stimulation) L87 cells were loaded with lura 2 AM at a final concentration 
01 5 u.M m stimulation medium for 40 mm at room temperature (24°C- 
Vc> Extracellular tura 2 was removed by washing twice with the incu- 
bating medium. Stained L37 cells ( 10* per well) were plated together with 
nnnsiamed spleen cells (5 - !0 J per wclh in *>6-well U-shape microliter 
plates The native peptide - MBPp87-99> and the double truncated vanants 
pMl -uh Jn d p'Hl-"^ were each added at a final concenirauon of 10 M M to 
dirtcrem wells and incubated for 5 min 1 J7*C. 6.5* CO : ). The cells were 
then transierred to a nonfluorescent chamber mounted on the stage of an 
iiuened microscope :Nikon. Japan. Fura 2 fluorescence was immediately 
measured using a uuai wa\e)eneih system 1 Delta scan. PT1. Photon Tech- 
nologs Internationa:. South Brunswick. NJ) Bnefly. light emitted from a 
Xenon arc Samp w as :eJ m parallel into two independent monochrometers 
<o ..main M ua>i- monochromatic light beams of two different wavelengths. 
UD and 3 SO r.m. The two >e pirate monochromator outputs were collecied 
at the rnd 01 a hiiurcaied quart? fiber optic bundle The emitted fluores- 



cence (510 nm) was detected with a phoiomultiplier tube <7|0 PTM) All 
records are presented as a fluorescence ratio (R = F34OVFJ80) A ratio of 
less than I indicates low cytosolic Ca** 

MHC binding assay 

The ability of each of the N terminus truncated peptides al different con- 
centrations from 0 to 200 fiM to inhibit the binding of . 10 uM of btonn- 
labeled native peptide was measured exactly as we described in detail 
elsewhere <7). The binding of p87-99 analogs to splenic adherent cells was 
measured by use of a fluorescence assay as follows. An amount equal to 
5 x 10 s splenic adherent cells in staining buffer containing 0.1S; BSA in 
PBS was mued with difTereni concentrations of p87-99 analogs in indi- 
vidual wells of U-shape 96-well microculturc plates and incubated at 37 e C 
in a 6.5% CO, incubator. One hour later, biottn-labeled p87-99 (10 fimoh 
was added to culture wells for 4 h. The cells were washed three times with 
the staining buffer before PE-sireptavidin (Becton Dickinson) was added as 
a second-step reagent ( 10 jil/well. 20 min> along with labeled mAb react- 
ing with rat MHC class It 1-A (0.4 M l/well. OX -6: PharMingenL The cells 
were washed twice before cvtofluoro graphic analysis on a FACScan (Bec- 
ton Dickinson). The fluorescence intensity was calculated by subtracting 
the fluorescence obtained from OX-6-positive cells stained with RE 
strepiavidin onlv from the fluorescence obtained with biotin- labeled 
p87-99 plus PE-streptavidin. The percentage of inhibition was calculated 
and is presented as 1C> 0 values or as the percentage inhibition ot mean 
relative binding 

Results and Discussion 

The panel of truncated peptides was analyzed for a variety of in 
" vivo and in vino functions. Peptides were tested for their ability to 
induce active EAE when immunized in adjuvant, for their capacity 
10 initiate a proliferative response in an encephaliiogcnic T cell 
line, L87-99. and for their ability 10 reverse ongoing paralysis. 
" when inoculated in a soluble form. After truncation of V87.' 
p88-99 was able to induce active EAE. stimulate L87-99. and 
reverse ongoing EAE (Table 1 (N terminus truncation); Table II (N 
lerminus truncation. gTOup c: and Fig. IB)). In contrast, truncation 
of H88 resulted in a nonencephalnogenic peptide (Table I (N ter- 
minus truncation). 0V6 vs 6/6: p < O.Ol) incapable of stimulating 
L87-99 (Fig. 1. 50030 * 1 100 vs 615 ± 220 cpm - SE with a 
background of 31 4 cpm in response to 50 uM peptide; p < 
0.0001). This peptide. p89-99. could reverse EAE (Table II iN 
terminus truncation, group d compu/ed with a. 0/1 2 vs 1 2/1 2); p < 
0.005). Further truncation at F89 maintained these features, since 
it was incapable of inducing EAE. did not stimulate L87-99. and 
could reverse ongoing EAE (Table II (N terminus truncation, 
group e compared with a. 0/12 vs 12/12); p < 0.005V In contrast, 
truncation of the F90, a critical MHC binding contact, abolished 
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Proliferation (CPM) 

FIGURE Soluble peptide therapy with a noncncephaiiiogenic 7-roer induces T cell unresponsiveness accompanied with a reduction in proinflanv 
maiorv otokme production Five groups of rats were inoculated with 10 x 10* activated L87-99 cells to induce EAE. Four days later each of these groups 
was inoculated ti p.) with either MBPp87-99 <■). p90-% (O). p9l-% (A>. OVA t*>. or with PBS alone tCi One day later the proliferative response 
in recipient >pteen cells against the native peptide was measured (Fig. 2, A and B ) as follows. Spleen cells were suspended in snmulaiion medium and 
cultured for 7; h in I -shape 96- well plates at a concentration of 2.5 X 10* cells/well together with various concentrations (0-300 mMI of the native peptide 
Each wci; "is pulsed with Z ^Ci of [ 3 H)lhymidine for the final 6 h as described above (Fig. I). The proliferative response was expressed as cpm ; SE 
(Fig. or snmulaiion index (Fig. 2B). Production of "TNF-a and EFN-y was measured in these spleen cell cultures <Fig 2. C and D. respectively! The 
proliferate response icpm z SE) of each group to 300 u.M MBPp87-99 is shown in Fig IE. 



the capacity ol (his peptide to reverse EAE. This rinding suggests 
that binding of the tolerogcn to MHC is necessary for effective 
induction of tolerance. 

Analysis 'or C-tcnmmal truncations showed thai truncation of 
R97 jboiished the ability of the peptide to induce EAE (Table I. 
0/6 \> o/o. p < 0.01) and to stimulate a proliferative response in 
,F,g |oj500 r 17100 vs "000 r 250 with a back- 
ground ot Hro tn response to 50 peptide, p < 0.0001. accord- 
ingly Ne\ermeless. p8"-96 reversed EAE in ail recipients within 



24 h of treatment (Table II <C terminus, truncation, group e com- 
pared with group a. 0/1 1 vs 1 1/1 1, p < 0.005V Further truncation 
of the proline at position 96 diminished the capacity of the peptide 
to reverse EAE (Table II (C terminus truncation, group fl) 

A set of peptides with double truncations from the N and C 
termini were constructed to determine the minimal peptide capable 
of reversing EAE. FKNIVTP t p90 -96 ) reversed ongoing EAE. All 
paralyzed rats treated with p90-96 went into total rerrussion w ithin 
24 to .^6 h. while PBS -treated control rats continued to develop 
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Table I Induction of jf/iif HE with various p6?-99 truncated peptides 



5191 



Active' EAE 



Pepnde 



Sequence 



U7-99* 
Proliferative Response 
I 100 txM p87-W> (SI) 



First day 
of ousel 



C terminus truncation 
p«7-99 
prt7-98 
pH7-97 
pH7-96 
p87-<*5 
p87-<»4 

N terminus truncation 

p89-<*? 
p'K>-99 
p91-P9 
p92-99 
p<*3-99 

Double side truncations 
p«0-96 

p9 1 -% _ 



VHFFfCJZYTFRTP 




+ ♦ + f ♦ 


VHFFKNIVTPRT 


12 


■4- + f 


'/HFrKNIVTPF 


1 1 


+■ + + 


vhf~kn:vt? 


81 




VHFFKNIVT 


>200 




vhffkn:y 


>:oo 




hffkk: VTPP.TP 


7 


4- •+■ * 


FFKNI7TPFTP 


168 


+■ ■»■ 


fkjj: VTPP.TP 


49 


-t- 


■CfJI VTPPTP 


5 




N 2 VTPPTP 


20 




IVTPPTP 


>200 




FKN'IVT? 


>:oo 




(ONIVTP 


>200 





6/6 
6/6 
6/6 
0/6 
0/6 
0/6 



6/6 
0/6 
0/6 
0/6 
0/6 
0/6 



0/6 
0/6 



Mean 
ma*, score 



1.5 i 0.2 
1.5 * 0.2 
1.2 t 0.1 

0 

0 

0 



1.85 * 0.3 
0 
0 
0 
0 
0 



" IC V , ^aiues were calculated as described in Materials tind Methods and in Reference 7. 

'The proliferative response of line IS7-99 io us naiive peptide as well as to all the truncated pepudes. Table I >um/nanzes these results aj follows: - = S.I. < 20. - - 

20 < S I. < ?0. - - * 30 < S I = 00 < SI. c 50. - * ♦ + = 50 < S.I. < 75. * ♦ <- * = 75 < S.I. <85. + 

p < 0 0001 . . . 

■ Rats were immunised *iih P 8?-*W/CFa or truncated peptides m CFA EAE was monitored daily as follows: score 1 = paraplegia of the tail, wore . - paralysis of hind 

limbs, score 3 = paralysis of hmd - front limbs 



hind limb paralysis that persisted for another 4 to 5 days (Table II 
(N + C terminus truncation, group h vs a. 0/10 compared with 
10/10: p < 0.001 1. Truncation of the F90, a major MHC contact, 
abrogates, the abilitv of the peptide to reverse EAE. This reinforces 



the idea that an effective tolerogen must be capable of binding to 
the MHC. 

We next analyzed the mechanisms underlying the rapid reversal 
of disease, to see whether immunologic tolerance io the pathogenic 



Table II. Treatment of transferred EAE by soluble truncated analogs" 



EAE Incidence 



Group Soiuble Peptide ' " 

i2mg/mll Day 5 Day 6-7 



terminus truncation 
a none 



N terminus truncation 
a none 



N - C terminus truncation 
j none 



Single alanine substituted analogs 
a none 



1 1/1 1 ' 11/11 ll/U 5/11 

bp87~-99 ll/U 0/1 1 0/11 0711 

c pH7-98 WW 0/1 1 0711 0/11 

dp87-97 ll/U 0/11 0/M 0/1 1 

e p87-96 11/11 0/M 0/11 GVI1 

fp87-9S I l/l I 7/U 7/U 3/11 

g p87-94 11/11 ll/n ll/U 4/11 



12/12 12/12 12/12 6/12 

b'p87-W 12/12 0/12 0/12 GV12 

cp88-99 12/12 0/12 0/12 0/12 

dp89*-99 12/12 0/12 0/12 0712 

epQ0-99 12/12 0/12 0/12 0/12 

fp9l-99 12/12 10712 10/12 5/12 

g p92-99 12/12 12/12 12/12 7/12 



10/10 10710 10/10 3/10 

? p oi>L% 10/10 0710 0/10 0/10 

C p 91-96 10/10 10710 10/10 4/10 



6/6 6/6 6/6 2/6 



b p87-09 6/6 0/6 0/6 076 

c p87-99 (90F>Ai 6/6 6/6 6/6 076 

d p87-99 |9IK>A| 6/6 076 .0/6 076 

e p87-9Q I92N>AJ 6/6 1/6 W6 076 

f p 87-*9 |93l > A | 6/6 076 0/6 0/6 

g p87-99 |94V>A| 6/6 1/6 W6 076 

h p87-99 195T>A1 6/6 6/6 6/6 076 

i P 87-Q9 |96P>Al U6 1/6 076 

- Transferred F.AE was established by immunising 6-wk-old female Lewis rats wiih 10 : activated L87-W line cells (day 0^ 
Five days Uer. ji the onset of disease, sicfc raw were randomly dittributed into different groups that were, or were not. mtectrd 
i p.. 2 mg pepitde tn i mi PBSi with either native p*7-99. OVA. various N terminus or C terminus truncated analogs, ot *»ih 
\ ifui C iermtnai tmncauons Coni/ol rats were "mmuniicd with PBS aJone. 
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SHORT PEPTIDE- BASED TOLEROCTAS 



A. H- terminus truncation 



B. C-terminuse truncation 
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C. Double tide truncation 
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FIGURE 3. MHC binding competition between MBPp87-99 truncated analogs and MBPp87-99. The ability ot each of the N terminus truncated 
peptides at different concentrations from 0 to 200 ^lM to inhibit the binding of 10 of hiotin-labeled native peptide wa* measured exactly i\ue described 
in detail elsewhere (7) Data are presented as the percentage inhibition of mean relative binding The IC^ values are shown in Table t. 
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peptide MBPp87-99 was induced. Five groups of rats were inoc- 
ulated with 10 x 10 6 activated L87-99 cells to induce EAE. Four 
days later each of these groups was inoculated (i.p.) with either 
p87-99. p90-96. p9]-96. OVA: or with PBS alone (Fig. 2). One 
day later the proliferative response in recipient spleen cells against 
the native peptide was measured (Fig. 2, A and B). Rais inoculated 
either with the native peptide or with p90 -96 developed a sub- 
stantially reduced response against the native peptide compared 
with (hose seen m spleens from rats immunized with OVA, p9J- 
96. or with PBS alone (Fig. 2, A and 2B: SI = 1.4 and S! = 2.0 
compared with SI = 4.0, SI - 4.7, and SI = 3.8 in response to 300 
liM of the native peptide, backgrounds 10940, 10950, 9080, 5700. 
and 9080. respectively; p < 0.005). Production of TNF-a and 
IFN-7 was measured in these spleen cell cultures (Fig. 2. C and 
D). Spleen cells from rats immunized with the protective peptides 
p8?-99 or p90-96. but not with the nonprotective p91-96, OVA. 
or PBS alone produced reduced amounts of TNF-o and IFN-y 
(for TNF-o, 64 r 8 and 82 ± 12 pg/ml compared with 166 £ 
18, 70 * 22. and 194 * 18 pg/ml in response to 200 >iM 
.peptide. /? < 0.001. Fig. 2C: for IFN-r 2500 r 880 and 3190 £ 
320 pg/ml compared with 7700 t 870. 7380 - 730. and 
9270 r 985 pg/ml in response to 200 /iM peptide, p < 0.00 1. 
Fig. 2D). TNF-o and IFN-y are two inflammatory cytokines 
that play a major role in the initiation and development of T ceil 
mediated autoimmunity (8-12). 

We investigated whether tolerance induction by either p87-99 
or by the nonencephaliiogenic p90-% might be reconstituted by 
rat IL 2. Addition of rIL-2. in the presence of a high dose of the 
native peptide (300 p.M), totally abrogated T cell tolerance (Fig. 2, 
E compared with A and 5) Titus, anergy is induced by p90-96. 
Interestingly, only the combination of a high dose of Ag (300 
but not :00 ^M or 1 00 jxM ) and an elevated level of IL-2 (50 U/mi 
but not 10 L'/mli was sufficient to abrogate T cell tolerance (Fig. 2. 
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£ compared with A and B: data for 100 and 200 not shown). 
Conceivably, in vivo lolerized cells enter the programmed cell 
death pathway, which may be reversible only after addition of 
threshold levels of IL-2 plus antigenic stimuli. 

The markedly reduced production of TNF-a and iFN-y in 
spleen T cells from p90-96- or p87-99-iolerized rats, in re- 
sponse to 200 ^tM p87-99, was not accompanied by an increase 
in IL-4 production (28 z 2.1 pg/ml and 25.2 r 3.3 pg/ml in 
p90-96- and p87-99-tolenzed rats vs 45 r 3.4 and 40.2 r 3.7 
pg/ml in p9l -96-iolenzed and control rats*. Consequently, anti- 
IL-J- neutralizing Abs. added at various concentrations be- 
tween !50 and 450 ng/ml. were incapable of restoring the pro- 
liferative response of T cells from p90-96- or p87-99-tolenzed 
rats (data not shown), suggesting that more than alteration of 
the Thl/Th2 balance toward Th2 response is involved in the 
induction and maintenance of the tolerant state in soluble pep- 
tide therapy. 

We have further investigated the influence of alanine substitu- 
tions at each of the different amino acids within the 7-mer core 
FKNIVTP. For single alanine substitutions in p87-99, substitution 
of alanine for either K. N. I. V and P at positions 9 1 . 92. 93. 94 and 
96 had no effect on the ability of the peptide to reverse EAE (Table 
II: single alanine substituted analogs). Substitution of A for F at 
position 90, a major MHC binding residue, and the A for T at 
posiiioii 95 abolished the ability to reverse EAE (Table II. single 
alanine substituted analogs, 6/6 sick rats for 90F > A and 95T > 
A). We have recently demonstrated that K. T. and P at positions 
91. 95 and 96 are putative TCR binding sites (Rcf. 7 and Fig. 3> 
It is iherefore remarkable that only one of these TCR binding sues. 
T at position 95. is essential for disease reversal. MBPp87-^9 
binds MHC via F, N. I, and V at positions 9(). 92. 93. and 94 . T i 
Any singie alanine substitution at any of these positions iRe!. * 
and Fig. 3) resulted in reduced MHC binding, compared with :he 
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FIGL'RF 4. A. Proliferation assay of L87 to !0 
M M of the following peptides: MBPpS"7-99. p90-96. 
and p9l-96 The proliferation assay \*as pertormed 
as described above i Fig. 2. .4 and B). B-E. Elevation 
of cvtosolic Ca : " in representative L87 cells in re- 
^pon\e ro (he \ anous peptides, on which proliferation 
*a> measured in Fig. _M. 



O 
GO 



o 



CO 

or 



Control (R»0 83) 



91-96 (R>0 94) 



0 i 10 15 20 



o 



(0 

or 



Nauvc (R«' IS) 



5 10 IS ?0 

Time (sec) 



90-96 2) 



0 5 10 15 20 

Time (sec) 



full-length peptide p87-99. Substitutions of A at 92N. 931. and 
94V were still capable of inducing EAE (7V Only the analog with 
a single substitution of F90 > A was unable to induce EAE (7). 
Concordant with this observation, this particular MHC binding 
sue was critical for the induction of T cell tolerance and rever- 
sal of EAE (Table I!, single alanine substituted analogs, group 
c. 6/b sick rats). 

To further investigate whether there was any association be- 
tween affinity of MHC binding and the ability to reverse EAE. the 
IC M , values of all truncated analogs was determined in a compe- 
tition assay on live APCs (Fig }). p90-% reverses disease effec- 
tively, even though it is a weak MHC binder (Fig. 3 and Table I, 
IC V| > 200 vs IC MJ = " tor native p87-99; p < 0.001). This 
indicates that disease reversal may occur despite low MHC bind- 
ing, provided that a sufficient number of MHC and TCR contacts 
ore present. 

Trie truncated peptide p90-96 induces T cell toierance. (Fig. 2) 
and reverses EAE (Table II. N ~ C terminus truncation). Trunca- 



tion of F90 (p91-96) abolishes these capabilities when tested at a 
concentration of 10 u.M (Fig. 4A. 134.000 T 4.200 compared with 
4.400 r 570. 3.100 ~ 550 in response to p90-96 and p9l-96. 
respectively, with a background of 2.350 r 440: p < 0.001 \. Sim- 
ilar results were seen at 100 jiM (data not shown). This implies 
thai tolerance induction and T cell activation are initialed by dis- 
tinct amino acid residues within a T cell epitope. 

In another experiment rats were immunized with p90-96 emul- 
sified in CFA. Nine days later, the development of spleen T cells 
proliferative response against self and against the native peptide 
(p87-99) was recorded. Even though p90-96 induced a profound 
anti-self response (8540 r 513 cpm with a background of 2080. 
SI = 4.1. in response to 100 m-M of p90-96). it did not elicit any 
notable cross-reactive response against the native epitope <2340 r 
410 cpm with a background 2550 r 230. in response to 100 fj.S\ 
of p90-96). 

In a further experiment each of the above analogs and the native 
peptide were all compared for their abilities to initiate Ca ? * influx 
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in j T cell line reiognmny MBPp87 -99 The native peptide (Fig. 
40 induced Ca" * flux, increasing ihe fluorescence ratio from 
0.88 - 0.02 m control cells (Fig. 4fl; n = 7) to 1.0: r 0.03 [n = 
!«)./> < 0.01. Similarly. p90-96 also increases Cr' flux. (Fig. 
4£\ /i = 20. 1.12 .T 0 04 vs 0.88 r 0.02; p < 0.0 1 ). In contrast, 
p9l-96 (Fig. 40) had no significant effect on the level of cytosolic 
Gr * in the p87-99-reaciive T cells (R = 0.92 z 0.03. n = 19). 
Taken together, these results suggest thai T cell tolerance can be 
induced only by epitopes capable ot" triggering Ca : * influx after 
TCR engagement. 

The minimal requirement for recognition of an autoamigen re- 
quires only rive native residues in a stretch of an II -amino acid 
epitope i 13). The minimal xze for a peptide capable of inducing 
EAE is a 6-mer. Thus in H-2 U mice the 6-mer Acl-6 of MBP 
produced EAE. albeit at a frequency of 1 0*3-. from that induced 
with the optimal 1 1 -mer peptide. Ac 1-11 of MBP (14). Short al- 
tered peptides are advantageous because of their reduced patho- 
genicity compared with native peptides, as well as their inability to 
stimulate a cross- reaction with T cells that react to the native 
pathogenic epitope. These 7-mer peptides, in this study, represent 
the ihonest tolerocens *hown to date and emphasize the minimal 
requirements lor in vno induction of T cell tolerance. It is striking 
that only one MHC anchor and one TCR binding site are essential 
for initiation of Ag-vpecihc T cell tolerance. Moreover. T cell tol- 
erance was associated uith the capacity of the tolerogen to initiate 
Ca* " influx, implying that induction of Ag-specific iiresponsive- 
ness is an active process, as recently suggested by in vitro systems 
(15. I6». Interestingly, u has been recently demonstrated that, in B 
lymphocytes, the amplitude and duration of calcium signals con- 
trol differentia] activation of proinflammatory transcriptional reg- 
ulatory (actors like \T-*B. c-Jun N-terminal kinase (JNK), and 
NF-AT i 17. 18). Short, nonstimulatory peptides based on truncated 
epitopes ol pathogenic peptides may therefore be practical for ther- 
apy of autoimmune diMTJse. 
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